The observed mutualistic relationship between the black cocoa ant Dolichoderus thoracicus (Smith) and the mealybug Cataenococcus hispidus (Morrison) was examined. The importance of C. hispidus to D. thoracicus as a food source was investigated by giving D. thoracicus access to C. hispidus only, to C. hispidus and other food sources, and denying access to any obvious food sources. Dolichoderus thoracicus was seen to depend on C. hispidus alone as a source of food over an eight-week period of observation without showing ill effects. The role of D. thoracicus in spreading C. hispidus was studied in an experiment consisting of combinations of D. thoracicus and C. hispidus exclusion. It was shown that D. thoracicus was responsible for carrying C. hispidus across a 'mealybug excluder'. Data on the frequency and duration of transport of C. hispidus by D. thoracicus were obtained by direct observation for a total of 90 h over 17 days. Both adults and nymphs of C. hispidus were carried by D. thoracicus with its mandibles in a brief and erratic manner, in the general direction of the trail. Such transportation is nevertheless considered to be important in view of the large number of individuals of D. thoracicus moving along a trail. The close mutualistic relationship between D. thoracicus and C. hispidus reiterates the necessity to manipulate both organisms for control of cocoa pests.
Introduction
The black cocoa ant Dolichoderus thoracicus (Smith) (Hymenoptera: Formicidae) is able to reduce damage to cocoa caused by the mirids Helopeltis bradyi Waterhouse and H. theivora Waterhouse (Heteroptera: Miridae) (Giesberger, 1983; Bakri et al., 1986; Khoo & Chung, 1989; Way & Khoo, 1989; Khoo & Ho, 1992) , the cocoa pod borer Conopomorpha cramerella Snellen (Lepidoptera: Gracillariidae) (Ho, 1994; See & Khoo, 1996) , rats (Khoo & Ho, 1992) , and fungal disease caused by Phytophthora palmivora (Khoo & Ho, 1992) .
Unfortunately, D. thoracicus is absent in many cocoa areas. Furthermore, it is necessary to maintain D. thoracicus at a high level of abundance before protection of cocoa pods from pest damage is attained (Way & Khoo, 1989 , 1991 Khoo & Ho, 1992) . Therefore, good management of cocoa pests using D. thoracicus requires an ability to introduce and establish D. thoracicus, and to maintain it at a high level of abundance. Important factors influencing the abundance of D. thoracicus are shelter, food, competition from other species of ants, and natural enemies (Khoo & Chung, 1989) . Food for D. thoracicus is largely derived from the honeydew of its mutualist, the mealybug Cataenococcus hispidus (Morrison) (Hemiptera: Pseudococcidae).
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Mutualism between ants and Hemiptera is well known. Way (1963) defined mutualism in this context as 'an association between ants and other insects which is mutually beneficial without necessarily implying obligate dependence or interdependence'. Cataenococcus hispidus has a close mutualistic relationship with D. thoracicus, the former providing the latter with a reliable source of food in the form of honeydew, receiving protection and other benefits in return. Ants which are able to use honeydew have a dependable food supply; they are able to form large stable populations and maintain consistent protection of the plants on which they forage (Way & Khoo, 1992) . Although C. hispidus feeds by sucking sap from pod peduncle, pod, and other parts of the cocoa tree, no damage is apparent (Khoo & Chung, 1989) . The net effect of the D. thoracicus-C. hispidus relationship has been shown to be a positive one for the cocoa tree (Khoo & Ho, 1992) .
Despite many reports of the mutualistic relationship between D. thoracicus and C. hispidus, there is little quantification of the benefits that one insect confers on the other. Two aspects of this mutualism were thus investigated, this paper reporting on the importance of C. hispidus as a source of food for D. thoracicus and the role of D. thoracicus in the spread of the mealybug. A better understanding of the mutualistic relationship between D. thoracicus and C. hispidus will be important in elucidating ways for more efficacious and expeditious establishment of these insects in cocoa. In the course of the experiments, observations were also made on the protection that C. hispidus derives from D. thoracicus.
Materials and methods
The importance of C. hispidus as a food source to D. thoracicus
This study consisted of two experiments each conducted at a different location: Bagan Datoh Estate (4°N by 100°45'E) is located in the state of Perak and Prang Besar Estate (2°55'N by 101°45'E) is 159 km (straight-line distance) to the south in the state of Selangor in Peninsular Malaysia. In Bagan Datoh, an area with 18-year-old hybrid cocoa planted under coconuts that had a high population of naturally occurring D. thoracicus and C. hispidus was selected. In Prang Besar, the area selected had nine-year-old clonal cocoa planted under coconuts and was free of D. thoracicus and C. hispidus.
Bagan Datoh experiment
There were two treatments: D. thoracicus restricted to C. hispidus only (restricted), and D. thoracicus given access to C. hispidus and other food sources (unrestricted). Restricted and unrestricted treatments were both established on a single tree selected at random; there were ten replications (i.e. nests) laid out in a randomized complete block design. In the restricted treatment, an artificial nest made of cocoa leaf litter stuffed into a 30 × 45 cm polythene bag was stapled onto a primary branch of the tree. The branch selected had pods of varying sizes that were colonized by C. hispidus with D. thoracicus attending. When the nest was colonized after two weeks, it was isolated from the rest of the tree by banding with polybutene glue (subsequently referred to as 'glue'). A polythene sheet was erected over the nest and pods to form a roof to protect them from rain ( fig. 1 ) which otherwise would adversely affect mealybug populations (Lema & Herran, 1985) . The unrestricted treatment was essentially the restricted treatment without the glue bands, this treatment being established on the same tree.
Prang Besar experiment
One treatment was applied: D. thoracicus isolated from any obvious food source (isolated). The isolated treatment had to be conducted at Prang Besar because preliminary experiments to totally exclude C. hispidus from treatments in Bagan Datoh failed. This was because the mealybugs were spread by wind in the D. thoracicus-C. hispidus endemic Bagan Datoh environment (Ho, 1991) . The isolated treatment was essentially the restricted treatment without C. hispidus. Dolichoderus thoracicus for this treatment was obtained by setting up an artificial nest on the same tree and at the same time as nests for the restricted and unrestricted treatments. Colonized nests were collected from Bagan Datoh, transported in paper bags, and placed on trees in Prang Besar within the same day of commencement of the restricted and unrestricted treatments. There were ten replications laid out in a completely randomized design.
In both experiments, the treatments were monitored daily for nest occupancy by D. thoracicus and abundance of C. hispidus. Nest occupancy was taken as the percent nest 'strongly occupied' over seven days; a nest was considered to be strongly occupied if, when tapped sharply, vigorous ant activity could be seen almost immediately. Following the criteria of Way & Khoo (1989) , C. hispidus was considered to be 'abundant' if that part of the branch had large numbers of mealybugs on more than 50% of peduncles and often also on pod surfaces.
Every two weeks, 200 workers of D. thoracicus from each nest of each treatment of each experiment were collected, anaesthetized with ethyl acetate, and weighed with a Mettler 8 H30 analytical balance. After eight weeks, all nests were collected, the colonies of D. thoracicus within killed by freezing, and the number of individuals for each life stage counted. Data for each life stage were subjected to log (x + 1) transformation, x being the number of individuals per nest, and means for restricted and unrestricted treatments were compared using t-test.
Role of D. thoracicus in spread of C. hispidus
The experiment was conducted in the estate at Bagan Datoh. The plot chosen consisted of 18-year-old hybrid cocoa under coconuts with a high density of naturally occurring D. thoracicus and C. hispidus.
There were three treatments of ten replicates laid out in a completely randomized design, a treatment was not necessarily on the same tree as the others. Treatments consisted of the following three combinations of D. thoracicus and C. hispidus exclusion:
Treatment 1: with ant nest and mealybug excluder. Treatment 2: with ant nest, without mealybug excluder, with glue band between donor and recipient pod. Treatment 3: without ant nest, with mealybug excluder.
The arrangement of the treatments is illustrated in fig. 2 .
The mealybug excluder was essentially a 4 mm wide groove cut halfway into a cocoa branch; glue was applied to the bottom of the groove and the semi-circle of bark of the branch below this so that crawling insects were obliged to cross the groove to get to the other side. The width of the groove only allowed ants to do this. Throughout the period of the experiment a fresh coat of glue was applied whenever the tackiness of the old coat had decreased.
For treatment 1, a branch was chosen which had at least two pods of 8 to 12 cm length about 1 m apart; one of the pods, designated the donor pod, was well colonized by C. hispidus. Two hundred adult females of C. hispidus were allowed to remain on the donor pod and the excess was removed. It was not possible to remove the nymphs of C. hispidus because many were present under the adult females. The other pod, designated the recipient pod, and the part of the branch from the mealybug excluder to the glue band was cleared of mealybugs; removal of nymphs was ensured by swabbing with 70% ethanol. The recipient pod was roofed with Mylar to reduce the possibility of wind-borne crawlers settling on the pod. The entire arrangement was sheltered from rain by a polythene roof. The edge of this roof was smeared with glue to reduce the possibility that C. hispidus that had somehow found its way to the top of the roof would crawl underneath it and drop onto the branch and pods below. An artificial nest, as described in the previous experiment and well colonized by D. thoracicus, was stapled onto the branch so that the recipient pod was located between it and the donor pod. This arrangement increased the likelihood of C. hispidus that were eventually found on the recipient pod being transported there from the donor pod by D. thoracicus.
Treatment 2 was similar to treatment 1 except that a glue band replaced the mealybug excluder. This arrangement tested the possibility that C. hispidus on the recipient pod could have arrived from sources other than that brought by D. thoracicus from the donor pod.
Treatment 3 was also similar to treatment 1 except that there was no D. thoracicus nest. This treatment tested the effectiveness of the mealybug excluder: the presence of C. hispidus on the recipient pod would imply that the mealybugs had somehow crossed the barrier.
The number of adults of C. hispidus on recipient pods and their peduncles were recorded daily for 30 days. Only adults of C. hispidus were counted because it was difficult to count nymphs especially in the presence of D. thoracicus. Thirty days was considered to be an appropriate cut-off point for recording because pods started to ripen and die off after this period. Adults of C. hispidus found on donor pods were also counted to determine their fate in time. In the absence of D. thoracicus on donor pods, honeydew was dabbed off daily using tissue paper.
Frequency and duration of transport of C. hispidus by D. thoracicus
This observation was carried out in the same locality as the preceding experiment.
Five trees were set up as described for treatment 1 above. Observations commenced after one week when D. thoracicus were seen actively crossing the mealybug excluder between donor and recipient pods. Out of the total length of time of observation of any or several of the five trees per day, the frequency of D. thoracicus seen carrying adults or nymphs of C. hispidus with their mandibles and the total number of seconds taken to do this were recorded. A total of 90 h over 17 days was spent observing D. thoracicus for direct evidence of transportation of C. hispidus. Observations were carried out between 0700 and 1430 h. Attempts to make similar observations in the night was impractical owing to lights disturbing the activity of the ants.
Results
The importance of C. hispidus as a food source to D.
thoracicus
Bagan Datoh experiment
The values for the mean percentage of nests strongly occupied by D. thoracicus in the restricted and unrestricted treatments were similar, with a high rate (>94%) of colonization throughout the experiment ( fig. 3) . Similarly, the values for the mean percentage of pods with abundant C. hispidus were high in both the restricted and unrestricted treatments ( fig. 4) : throughout the period of study these values exceeded 95%. The values for the restricted treatment were slightly higher than for the unrestricted treatment throughout, and this was probably the result of the higher degree of protection received by the mealybug because The value for this parameter at the end of the study was about the same as that at the beginning. The composition of the colony of D. thoracicus after two months, as shown by the mean numbers of the various life stages, was essentially similar for the restricted and unrestricted treatments (table 1) .
Prang Besar experiment
In the isolated treatment there was a continuous decline of the mean percentage of nests strongly occupied right from the first week; the rate of decline seemed to accelerate with time, and by the eighth week there was no nest with strong occupancy (fig. 6 ). No C. hispidus was seen on any of the pods in the isolated treatment. This verified the absence of C. hispidus in the Prang Besar environment, and also that the 
Role of D. thoracicus in spread of C. hispidus
On recipient pods, the highest number of C. hispidus was recorded for treatment 1 (fig. 8 ). For treatment 2, a few C. hispidus were recorded, the maximum mean being 8.2. For treatment 3 a negligible number of C. hispidus was recorded on the recipient pods (maximum mean 0.7) over the entire period of the experiment.
The absence of D. thoracicus on donor pods was telling on the numbers of adult C. hispidus ( fig. 9 ), which declined steadily for treatment 2 (D. thoracicus prevented from gaining access to adults of C. hispidus) and treatment 3 (D. thoracicus not included in the treatment). On the other hand, when D. thoracicus could attend the adults of C. hispidus on donor pods of treatment 1, numbers of C. hispidus increased steadily and had doubled by the 28th day.
Frequency and duration of transport of C. hispidus by D. thoracicus
During the period when D. thoracicus was observed for direct evidence of transportation of C. hispidus, the frequency and mean time that D. thoracicus were seen carrying adults and nymphs of C. hispidus using their mandibles over the 90 h of observation were as shown in table 3. This translated to only 0.014 and 0.083% of the total observation time being taken up by D. thoracicus in transporting adult and nymphal C. hispidus respectively. Dolichoderus thoracicus thus rarely carried C. hispidus and each time it did, the time involved was brief. Both adults and nymphs of C. hispidus were carried, the latter about six times as often as the former. Owing to the brevity of the carrying action, it was not possible to ascertain the nymphal stages of C. hispidus that were being transported.
Dolichoderus thoracicus was seen to carry C. hispidus in a random and non-deliberate manner, the latter being picked up by a worker of the former that had broken stride in a trail, moved a few centimetres in the general direction of the trail, and then released. The worker would then normally rejoin the trail and became lost in it.
Discussion
The results show that a colony of D. thoracicus can live off food provided by C. hispidus without any other sources of nutrition for at least eight weeks. Judged on the basis of abundance, colony composition and weight of workers, a colony of D. thoracicus given access to C. hispidus only as its food source was just as healthy as a colony of D. thoracicus given free access to its choice of food, including C. hispidus. It is well known that the honeydew from certain Hemiptera is an important source of food for their attendant ants (Beattie, 1985; Maschwitz & Hänel, 1985) . Besides sugars, honeydew contains many free amino acids and amides, proteins, minerals and vitamins (Way, 1963; Stradling, 1978) . However, it is considered unlikely that these nutrients are present in sufficient amounts so that the honeydew can be a complete food for ants (Buckley, 1987) .
It is believed that honeydew is important for its carbohydrates while insect prey, including Hemiptera, is important for protein.
To our knowledge, there is only one record of an ant that has such a close trophobiotic relationship with the mealybug it attends that it is not known to hunt for prey or search for dead animals under natural conditions. Maschwitz & Hänel (1985) claimed that the basis of the relationship between D. cuspidatus Smith (Hymenoptera: Formicidae), another species of Dolichoderus found in Malaysia, and the mealybug Malaicoccus formicarii Takahashi (Hemiptera: Pseudococcidae) is the honeydew. They suggested that the amino acids in the honeydew may suffice for nutrition of D. cuspidatus. In nature, D. thoracicus has been observed to feed on animal matter such as bird droppings (Khoo & Chung, 1989) . Also, in programmes to establish colonies of D. thoracicus, blood clam (Anadara granosa) and various kinds of fish have been used as supplementary feeds (K.C. Khoo, unpublished) . However, incidences of scavenging and predation by D. thoracicus under natural conditions were rarely observed. ' Way (1963) stated that the negative effects due to lack of protein may not be evident unless the period of deprivation is long. Our experiment does not rule out the possibility that its duration was insufficient to allow the detrimental effects of protein shortage to show. It was not possible to carry out the experiment longer than eight weeks because the isolated pods were ripening or aborting. Besides honeydew, other foods may be available to D. thoracicus given access to C. hispidus only. In times of starvation, ants regularly eat their brood and a number of ant species are known to produce non-viable eggs for food (Nielsen & Josens, 1978; Dumpert, 1981) . Brood and egg consumption may serve to explain why only adults of D. thoracicus could be found at the end of the two month period where D. thoracicus was isolated from any obvious food source (isolated treatment of the Prang Besar experiment). Because of the similarity in abundance and composition of the colonies, it can be inferred that brood and egg consumption probably did not occur in the treatments of the Bagan Datoh experiment. Solid protein may also be available in the form of mealybugs killed for food or consumed after they have died from other causes (Way, 1963) and the possibility that this applies to the D. thoracicus-C. hispidus relationship would have to be investigated.
The highest establishment of C. hispidus obtained in treatment 1 of the second study shows that D. thoracicus plays a role in the spread of C. hispidus. As artificial nests of D. thoracicus do not harbour C. hispidus, and as it was unlikely that C. hispidus could have crawled across the glue band, the presence of some mealybugs on recipient pods in treatment 2 suggests that other agents besides D. thoracicus are involved in the movement of C. hispidus. Wind or air currents carrying C. hispidus nymphs to or near the recipient pod was most likely the cause of this. The role of air currents in the spread of C. hispidus, albeit a minor one, has been demonstrated by Ho (1991) . Treatment 3 showed almost negligible establishment of C. hispidus, which supported the observed effectiveness of the mealybug excluder. Nevertheless, the numbers of C. hispidus would have been expected to be similar to those in treatment 2 as wind or air currents are once again expected to be the primary transporter of C. hispidus here. That this did not occur can be ascribed to the absence of D. thoracicus in treatment 3 and the benefits they would have afforded to C. hispidus. Ants are commonly known to provide protection and sanitation to the hemipterans they attend (Way, 1954; Collins & Scott, 1982; Samways, 1983) .
The importance of D. thoracicus to C. hispidus was further demonstrated when counts were made of adults of C. hispidus on donor pods. Since all treatments prevented crawling predators, such as slugs and larval stages of coccinellids and neuropterans from preying on C. hispidus, it is reasonable to assume that the deleterious effect of absence of D. thoracicus on C. hispidus in nature would be much greater than that observed in this study. The results given here are more a reflection of the protection given by Transportation of Hemiptera by ants seems to be common worldwide (Hö lldobler & Wilson, 1990) . In the present study, very few workers of D. thoracicus were seen to transport C. hispidus at any one time. On the other hand, in the related species D. cuspidatus, 11% of all the ants running on the trails were seen to transport M. formicarii (Maschwitz & Hänel, 1985) . One possible explanation for the difference may be related to the habitat populated by each species of ant and the population level reached in that habitat. In the case of D. thoracicus, the study was conducted in a cocoa area with high densities of the ant and C. hispidus, while D. cuspidatus inhabits primary and secondary forests that are not heavily disturbed. In the former situation there were few feeding sites that have not been already colonized by C. hispidus, while in a forest there is ample room for D. cuspidatus to expand its territory and M. formicarii to colonize new feeding sites.
The habit of D. thoracicus in transporting C. hispidus in 'relays' and in a non-deliberate fashion is an enigma to us. It is uncertain if this habit is unique to D. thoracicus or to the conditions under which the study was carried out. Maschwitz & Hänel (1985) observed that mechanical disturbance caused D. cuspidatus to pick up M. formicarii, but added that transport of the mealybug occurred even in the absence of the stimulus. Other reports (Strickland, 1951; Way, 1954; Cornwell, 1959) of ants carrying Hemiptera did not specify if the latter was carried by the same ant all the way. In spite of this apparently haphazard transportation of C. hispidus by D. thoracicus it is hypothesized that the high volume of movement over long periods would result in meaningful numbers of mealybugs being moved to their feeding sites.
The close, almost obligatory, mutualistic relationship between D. thoracicus and C. hispidus reiterates the need to be able to manipulate both species for successful management of major pests of cocoa. 
